Introduction
============

Uterine serous carcinoma (USC) accounts for 10% of all endometrial cancer worldwide; however, it contributes disproportionately to endometrial cancer mortality, whereby 40% of endometrial cancer-associated mortalities in 2016 were attributed to its high-risk histological subtype ([@b1-ol-0-0-11813]). Approximately 50% of patients are diagnosed with International Federation of Gynecology and Obstetrics (FIGO) stage 3--4, and the 5-year disease-specific survival rate for patients with advanced stage USC is reported to be 33% ([@b2-ol-0-0-11813]). Currently, the clinical management of advanced stage USC is based on primary cytoreductive surgery, followed by systematic chemotherapy ([@b3-ol-0-0-11813]). The adjuvant platinum/taxane chemotherapy decreases the recurrence risk and improves survival outcomes ([@b3-ol-0-0-11813]). However, most patients with advanced stage USC develop recurrent disease, which is resistant to chemotherapy and lethal in the majority of cases ([@b4-ol-0-0-11813]). Thus, it remains crucial to elucidate how USC becomes chemotherapy-resistant, and to develop novel treatment for recurrent USC, which are more effective compared with that in current therapies.

Prooxidant cancer therapies, including ionizing radiation and chemotherapy induce the production of reactive oxygen species (ROS) in cancer cells, and the addition of an additional oxidant stimulus to the constitutive oxidative stress in cancer cells causes the collapse of the antioxidant systems and thereby leads to cell death ([@b5-ol-0-0-11813]). Glutathione (GSH) is a primary antioxidant, which protects cells against ROS, and high levels of GSH have been associated with increasing cancer cell survival and resistance to chemotherapy in ovarian and prostate cancer cells ([@b6-ol-0-0-11813],[@b7-ol-0-0-11813]). Thus, the intracellular redox balance can determine the sensitivity of cancer cells to chemotherapeutic agents ([@b8-ol-0-0-11813]). Recently, metabolomics analyses demonstrated that GSH levels in a paclitaxel-resistant USC cell line were higher compared with that in a paclitaxel-sensitive cell line ([@b9-ol-0-0-11813]), which suggests that increased GSH levels are associated with the resistance to paclitaxel in USC. Intracellular GSH synthesis requires cystine uptake, and this involves the xc^−^ system, a cystine-glutamate exchange transporter composed of xCT (the light-chain and active subunit) and F42hc (the heavy-chain subunit); xCT expression is essential for the cystine uptake necessary for intracellular GSH synthesis, and thus xCT can determine the intracellular redox balance ([@b10-ol-0-0-11813],[@b11-ol-0-0-11813]). Notably, xCT inhibition has been extensively demonstrated to overcome GSH-mediated resistance to chemotherapeutic agents in head and neck squamous carcinoma, lung cancer and colorectal cancer ([@b12-ol-0-0-11813]--[@b14-ol-0-0-11813]). However, whether xCT inhibition can overcome paclitaxel resistance in USC remains unknown.

Sulfasalazine (SAS), an anti-inflammatory drug, which is clinically used for treating bowel disease and rheumatoid arthritis ([@b15-ol-0-0-11813]), is a specific inhibitor of xCT-mediated cystine transporter ([@b10-ol-0-0-11813],[@b16-ol-0-0-11813]). SAS can scavenge ROS, as an anti-inflammatory drug ([@b17-ol-0-0-11813]), inhibit leukocyte motility and interleukin (IL)-1 and IL-2 production ([@b18-ol-0-0-11813]), and inhibit nuclear factor κ B (NFκB) ([@b19-ol-0-0-11813]). SAS has also been reported to effectively induce GSH depletion (90%) and arrest growth, and to enhance sensitivity to chemotherapeutic agents in pancreatic, prostate and mammary cancer ([@b20-ol-0-0-11813]--[@b23-ol-0-0-11813]). As SAS inhibits a cystine-glutamate transporter, it can promote ferroptosis, a non-apoptotic form of cell death ([@b24-ol-0-0-11813],[@b25-ol-0-0-11813]). This lethal process is defined by iron-dependent accumulation of lipid ROS ([@b24-ol-0-0-11813],[@b25-ol-0-0-11813]), and cancer cells exhibiting high levels of Ras activity or p53 expression may be sensitized to this process ([@b24-ol-0-0-11813]).

The present study aimed to investigate whether the xCT inhibitor, SAS, induced cytotoxicity and cell death using cytotoxicity and cell death assays in the paclitaxel-sensitive USPC1 and -resistant PTX1 cell lines. Furthermore, the molecular mechanism by which SAS induces cell death in cancer cells was assessed.

Materials and methods
=====================

### Cell culture

Human uterine serous papillary carcinoma-1 (USPC1) cell lines were established by Dr Santin at the Department of Obstetrics and Gynecology, Division of Gynecologic Oncology, Yale University (New Haven, United States) ([@b26-ol-0-0-11813]), from patients who experienced rapid tumor progression during adjuvant chemotherapy following primary surgery. The paclitaxel-resistant cell line, PTX1 was established from paclitaxel-sensitive USPC1 cells. To generate paclitaxel-resistant cells, USPC1 cells were continuously exposed to doses of paclitaxel half-maximal inhibitory concentration (IC50) values. Cells were split every 2 weeks and cultured in RPMI-1640 (Thermo Fisher Scientific, Inc.) medium supplemented with 10% FBS (Cytiva), an antibiotic-antimycotic mixture (100 U/ml penicillin, 100 µg/ml streptomycin and 250 ng/ml amphotericin B; Thermo Fisher Scientific, Inc.) and GlutaMax supplement (2 mM L-glutamine; Thermo Fisher Scientific, Inc.) at 37°C in a humidified atmosphere with 5% CO~2~, with recalculated paclitaxel IC50 values for 3 months ([@b9-ol-0-0-11813]).

UCPC1 and PTX1 cells were provided by Dr Yaegashi at the Department of Gynecology and Obstetrics, Tohoku University Graduate School of Medicine (Sendai, Japan). Cells were cultured in RPMI-1640 medium supplemented with 10% FBS, an antibiotic-antimycotic mixture (100 U/ml penicillin, 100 µg/ml streptomycin and 250 ng/ml amphotericin B) and GlutaMax supplement (2 mM L-glutamine), at 37°C in a humidified atmosphere of 95% air and 5% CO~2~.

The human ovarian cancer SKOV3 cell line was obtained from the American Type Culture Collection. Cells were cultured in M199:105 (Sigma-Aldrich; Merck KGaA) medium with 10% FBS and 1% penicillin-streptomycin (Sigma-Aldrich; Merck KGaA) at 37°C in a humidified atmosphere with 5% CO~2~.

### Antibodies and reagents

The following antibodies were purchased against: xCT (1:1,000; cat. no. ab37185; Abcam), cleaved-PARP (1:1,000; cat. no. 9541; Cell Signaling Technology, Inc.), Akt (1:1,000; cat. no. 9272; Cell Signaling Technology, Inc.), phosphorylated (p)-Akt (1:1,000; cat. no. 4058; Cell Signaling Technology, Inc.), p44/42 MAPK (Erk1/2; 1:1,000; cat. no. 4695; Cell Signaling Technology, Inc.), p-p44/42 MAPK (1:1,000; cat. no. 9106; Cell Signaling Technology, Inc.), p-SAPK/JNK (1:1,000; cat. no. 9251; Cell Signaling Technology, Inc.), JNK2 (1:200; cat. no. sc7345; Santa Cruz Biotechnology, Inc.) and β-actin (1:1,000; cat. no. A2228; Sigma-Aldrich; Merck KGaA).

The following reagents were purchased and dissolved in DMSO or distilled water to prepare the stock solutions: 100 mM SAS, 10 mM 2′,7′-dichlorofluorescin diacetate (DCFH-DA) and 10 mM ferrostatin-1 (all dissolved in DMSO and from Sigma-Aldrich; Merck KGaA). A total of 10 mM deferoxamine mesylate (DFO) (cat. no. ab120727; Abcam) was dissolved in water and 10 mM Z-VAD-FMK (Peptide Institute, Inc.) in DMSO.

### Cytotoxicity and cell death assays

Following treatment at 37°C in a humidified atmosphere with 5% CO~2~ with paclitaxel (0, 0.1, 1, 10, 50 or 100 nM) for 72 h, or treatment with SAS (100 or 200 µM) and paclitaxel (0, 0.1, 1, 10, 100 or 1,000 nM) for 72 h in USPC1 and PTX1 cells, or treatment with ferrostatin-1 (1 µM) or Z-VAD-FMK (100 µM) for 1 h and subsequent treatment with SAS (0, 200, 400, 600, 800, 1,000 µM) for 72 h in PTX1 cells, or treatment with DFO (1 µM) for 1 h and subsequent treatment with SAS (400 µM) for 48 h in PTX1 cells, cell viability was assessed using the tetrazolium compound, MTS, at 37°C for 1.5 h according to the manufacturer\'s protocol (Promega Corporation). Following the MTS assay, samples were incubated with CellTiter 96^®^ AQueous One Solution reagent (Promega Corporation) for 90 min at 37°C and cell viability was subsequently analyzed at 490 nm using a Model 680 Microplate Reader^®^ (Bio-Rad Laboratories, Inc.). Cell viability was calculated from the ratio of cells treated with each of the drugs to that of untreated cells, set as 1 (mean ± SD; n=8). Untreated cells were used as a control.

The cell death assay was conducted as previously described ([@b27-ol-0-0-11813]). Following treatment at 37°C in a humidified atmosphere with 5% CO~2~ with SAS (200 µM) for 24 h in USPC1 and PTX1 cells, or treatment with ferrostatin-1 (1 µM) for 1 h and subsequent treatment with SAS (200 µM) for 24 h in PTX1 cells, cells were incubated with 1 µg/ml propidium iodide (PI; Invitrogen; Thermo Fisher Scientific, Inc.) and 10 µg/ml Hoechst 33342 (Invitrogen; Thermo Fisher Scientific, Inc.) at 37°C for 10 min to stain dead cells and the cell nuclei, respectively. Subsequently, the numbers of PI- and Hoechst-positive cells were scored manually under a fluorescence microscope (CKX41; Olympus Corporation; magnification, ×100) in five fields per well, and the rate of PI-positive cells (dead cells) against Hoechst-positive cells (total cells) was determined. All the experiments were carried out in quadruplicate.

### GSH and ROS measurements

To confirm the increase of GSH levels in a cell number-dependent manner, cells were plated a density of 1,000, 3,000 or 5,000 cells/well in 96-well plates. After 24 h, GSH levels were measured using the GSH-GloTM Glutathione assay according to the manufacturer\'s protocol (Promega Corporation) in USPC1 and PTX1 cells. GSH levels were measured in both cells treated with SAS (400 µM) or paclitaxel (10 µM) at 37°C in a humidified atmosphere with 5% CO~2~ for 24 h using the GSH-GloTM Glutathione assay. GSH levels were calculated from the ratio of cells treated with SAS or paclitaxel to that of untreated USPC1 cells set as 1 (mean ± SD; n=8). For ROS measurement, cells were treated with vehicle, SAS (200 µM), paclitaxel (10 nM) or SAS + paclitaxel at 37°C in a humidified atmosphere with 5% CO~2~ for 24 h. ROS levels were measured following treatment of cells with 10 µM DCFH-DA for 30 min at 37°C. Cells were protected from light during the respective procedures. Cells exhibiting a signal for DCFH-DA above the gate established using the isotype control treated without DCFH-DA were deemed ROS-positive. These cells were subsequently used in FACS analysis to quantify the intensity of DCF fluorescence, using a FACSCantoTM II flow cytometer (BD Biosciences). All the experiments were carried out in quadruplicate.

### Western blot analysis

Cells were washed twice with cold PBS and lysed using RIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride). Protein concentration was determined using a BioPhotometer^®^ (Eppendorf, Hamburg, Germany). Cell lysates containing equal amounts of protein (25 µg/well) were separated using 5% SDS-PAGE and transferred onto nitrocellulose membranes. Blocking was performed using 5% skimmed milk powder or 3% bovine serum albumin (Sigma-Aldrich; Merck KGaA) in 1X TBS at room temperature for 1 h. The membrane was sequentially probed with the aforementioned primary antibodies overnight at 4°C, and then with an appropriate horseradish peroxidase (HRP)-conjugated secondary antibody at room temperature for 1 h, according to the manufacturer\'s protocols. The secondary antibodies used were: Mouse IgG HRP Linked Whole Ab (1:5,000; cat. no. NA931-1ML) and Rabbit IgG HRP Linked Whole Ab (1:5,000; cat. no. NA934-1ML), both purchased from Cytiva. Immunoreactive bands were visualized using Amersham™ ECLTM prime western blotting detection reagent (Cytiva). SKOV3, USPC1, and PTX1 cell were cultured at 37°C in a humidified atmosphere with 5% CO~2~ for 24 h, and the cell lysate were probed for anti-xCT antibody using western blot analysis. USPC1 and PTX1 cells were treated with vehicle, SAS (200 µM), paclitaxel (10 nM) or SAS + paclitaxel at 37°C in a humidified atmosphere with 5% CO~2~ for 24 h, and the cell lysates were probed for anti-cleaved-PARP antibody using western blot analysis. USPC1 and PTX1 cells were cultured at 37°C in a humidified atmosphere with 5% CO~2~ for 24 h, and the cell lysates were probed for p-AKT, AKT, p-Erk, Erk, p-JNK or JNK antibody using western blot analysis. PTX1 cells transfected with siRNAs against JNK or with a control siRNA were cultured at 37°C in a humidified atmosphere with 5% CO~2~ for 24 h, and the cell lysates were probed for anti-p-JNK or anti-JNK antibodies using western blot analysis.

### Reverse transcription (RT) PCR

Total RNA was extracted from cells using the RNeasy^®^ Mini kit, and cDNA was synthesized from 1 µg RNA using the QuantiTect^®^ Reverse Transcription kit (both from Qiagen K.K.). RT PCR was performed on a T100TM thermal cycler (Bio-Rad Laboratories, Inc.). The following primer sequences were used: CD44 forward, 5′-TCCCAGACGAAGACAGTCCCTGGAT-3′ and reverse, 5′-CACTGGGGTGGAATGTGTCTTGGTC-3′; and GAPDH forward, 5′-ACCACAGTCCATGCCATCAC-3′ and reverse, 5′-TCCACCCTGTTGCTGTA-3′. The thermocycling conditions for CD44 amplification involved an initial denaturation step at 95°C for 3 min, followed by 34 cycles of denaturation at 95°C for 30 sec, annealing at 60°C for 30 sec and extension at 72°C for 1 min, with a final extension step at 72°C for 5 min. The thermocycling conditions for GAPDH involved an initial denaturation step at 95°C for 3 min, followed by 29 cycles of denaturation at 95°C for 30 sec, annealing at 55°C for 30 sec and extension at 72°C for 1 min, with a final extension step at 72°C for 5 min. PCR products were electrophoresed on 2% agarose gels containing ethidium bromide and photographed. The exons 1--5 and 16--20 that encode the constant part of CD44 are included in all CD44 isoforms ([@b28-ol-0-0-11813]). Exons 6--15 that encode the variant exons v1-v10 are either completely excluded, as in CD44s, or are included in various combinations within the CD44 ectodomain, giving rise to the CD44 variant isoforms (CD44v) ([@b28-ol-0-0-11813]). CD44v8-10 contains the variant exons 8--10 and has more bases than CD44s. The primer for CD44 can detect both CD44s (83 bp) and CD44v8-10 (479 bp).

### Gene silencing by small interfering (si)RNA

siRNAs against human JNK2 (cat. no. VHS40729) as well as Medium GC Duplex \#2 of Stealth RNAi^TM^ siRNA Negative Control Duplexes were purchased from Invitrogen (Thermo Fisher Scientific, Inc.). Transfection with siRNAs (100 nmol/l) was performed using Lipofectamine^®^ RNAiMAX™ reagent (Thermo Fisher Scientific, Inc.), according to the manufacturer\'s protocol. After 4 h, the transfection medium was removed and replaced with culture medium. The transfected cells were cultured at 37°C in a humidified atmosphere with 5% CO~2~ for 24 h, and then were used for western blot analysis, MTS assay and cell death assay. All of the experiments were carried out in quadruplicate.

### Subcutaneous xenograft model and treatment in vivo

The procedures involving animals used in the present study were approved by the Animal Care Committee of Yamagata University (approval no. 31009) in accordance with institutional and Japanese government guidelines for animal experiments. The total number of mice used was 14 in all experiments. The mean weight of the mice at the start was 19.4±0.87 g. Housing conditions were as follows: Temperature was 37°C, humidity was 30--40%, light/dark cycle was every 12 h, food and water were sterilized and available *ad libitum*. To generate the subcutaneous xenograft model, USPC1 (5×10^6^ cells) or PTX1 (5×10^6^ cells) were suspended in 200 µl of PBS following determination of cellular viability and injected into the subcutaneous tissue of 6-week-old female Crj:SHO-Prkdc^scid^Hr^hr^ hairless SCID mice (n=2) (Charles River Laboratories Inc.). Tumor formation was visually confirmed in mice inoculated with USPC1 cells, but not in those inoculated with PTX1 cells, thus the animal study was performed using USPC1 cells. The recipient mice were monitored for general health status and presence of subcutaneous tumors once a week. Tumor volume was determined by measuring tumor diameters (measurement of 2 perpendicular axes of the tumors) and calculated as 1/2× (larger diameter)x(smaller diameter)^2^. A total of two weeks following inoculation, one group of mice (n=6) was administered with oral PBS five times a week (Monday to Friday) for eight weeks. A second group of mice (n=6) was administered with SAS suspension (250 mg/kg) orally five times a week (Monday to Friday) for eight weeks. A total of nine weeks following initialization of treatment, mice were euthanized with 100% CO~2~ at a flow rate of 20% of the chamber volume per minute, which was used for 5 min to reach 100% CO~2~ in the chamber. Mice remained in 100% CO~2~ for ≥10 min to ensure that they were dead.

### Statistical analysis

Statistical analysis was performed using GraphPad Prism software (version 5.0; GraphPad Software, Inc.). Data are presented as the mean ± SD (n=4). Unpaired Student\'s t-test was used to compare differences between two groups, while one-way or two-way ANOVA, followed by Bonferroni post hoc test were used to compare differences between multiple groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Effects of SAS on the proliferation of paclitaxel-sensitive and -resistant USC cells

xCT expression in the USC cell lines was assessed and the SKOV3 cells were used as the positive control, as they express xCT. Western blot analysis demonstrated that xCT was highly expressed in paclitaxel-sensitive USPC1 and paclitaxel-resistant PTX1 cells ([Fig. 1A](#f1-ol-0-0-11813){ref-type="fig"}). CD44, a major extracellular matrix adhesion molecule, exists as several isoforms, including CD44v, and is generated through mRNA splicing ([@b29-ol-0-0-11813]). CD44v can stabilize xCT and control the intracellular redox status in an xCT activity-dependent manner ([@b30-ol-0-0-11813],[@b31-ol-0-0-11813]). RT-PCR analysis revealed that CD44s and CD44v8-10 were expressed in USPC1 cells, but not in PTX1 cells ([Fig. S1](#SD1-ol-0-0-11813){ref-type="supplementary-material"}).

Paclitaxel sensitivity in USPC1 and PTX1 cells was subsequently investigated using the MTS assay. Cells were treated with different concentrations of paclitaxel for 72 h, and cell viability was significantly inhibited in paclitaxel-sensitive USPC1 cells but not paclitaxel-resistant PTX1 cells, compared with that in the untreated control cells when \>50 nM paclitaxel was used ([Fig. 1B](#f1-ol-0-0-11813){ref-type="fig"}).

To determine the effect of SAS on USC cell viability, cells were treated with different concentrations of SAS for 72 h. SAS significantly inhibited cell viability in PTX1 cells, in a dose-dependent manner compared with that in the untreated control cells, and significantly decreased cell viability in USPC1 cells when \>600 µM SAS was used ([Fig. 1C](#f1-ol-0-0-11813){ref-type="fig"}).

The effect of SAS on paclitaxel cytotoxicity was also assessed by treating cells with different concentrations of paclitaxel alone or in combination with SAS for 72 h. In USPC1 cells, combination of paclitaxel with 200 µM SAS had no significant effect on cell proliferation compared with that in cells treated with paclitaxel alone ([Fig. 1D](#f1-ol-0-0-11813){ref-type="fig"}; left panel). As 200 µM SAS decreased cell viability by 60% in PTX1 cells ([Fig. 1C](#f1-ol-0-0-11813){ref-type="fig"}) and the cytotoxic effect of 200 µM SAS was too strong to detect the effect of combination with SAS and paclitaxel, 100 µM SAS was used in combination with different concentrations of paclitaxel in PTX1 cells, and the results showed a significant decrease in cell viability at each concentration of paclitaxel compared with that in cells treated with paclitaxel alone ([Fig. 1D](#f1-ol-0-0-11813){ref-type="fig"}; right panel). These results indicated the effect of SAS, and SAS did not enhance the efficacy of paclitaxel. Taken together, these results suggest that SAS inhibited cell proliferation more effectively in paclitaxel-resistant compared with that in -sensitive cells; however, SAS failed to enhance paclitaxel cytotoxicity in either of the USC cell lines.

### GSH levels and ROS accumulation in USC cell lines treated with SAS and/or paclitaxel

To verify the inhibitory effect of SAS on xCT-mediated cystine transport, GSH levels and ROS accumulation in USC cells were assessed, both prior to and following treatment with SAS or paclitaxel. Consistent with our previous study ([@b9-ol-0-0-11813]), the results demonstrated that intracellular GSH levels were significantly higher in PTX1 cells compared with that in USPC1 cells ([Fig. 2A](#f2-ol-0-0-11813){ref-type="fig"}). Furthermore, treatment with 400 µM SAS for 24 h significantly decreased the intracellular GSH contents in both cell lines ([Fig. 2B](#f2-ol-0-0-11813){ref-type="fig"}), whereas treatment with 10 nM paclitaxel for 24 h had no effect on the intracellular GSH content in either cell line ([Fig. 2C](#f2-ol-0-0-11813){ref-type="fig"}).

The intracellular ROS levels in USC cells treated with SAS and/or paclitaxel were assessed using FACS analysis and DCFH-DA. Since 200 µM SAS exhibited a marked difference on cytotoxicity between USPC1 and PTX1 cells, the intracellular ROS levels were analyzed in both cells treated with 200 µM SAS. Treatment of USPC1 cells with 200 µM SAS for 24 h had no effect on ROS levels compared with that in the vehicle-treated control, whereas treatment with either 10 nM paclitaxel or combination of paclitaxel with 200 µM SAS markedly increased ROS accumulation compared with that in the vehicle-treated control ([Fig. 2D](#f2-ol-0-0-11813){ref-type="fig"}; upper panels). Furthermore, treatment with SAS increased ROS accumulation by \~12-fold in PTX1 cells compared with that in the vehicle-treated control cells, whereas combination treatment of paclitaxel with SAS increased ROS accumulation by \~14-fold compared with that in the vehicle-treated control in PTX1 cells ([Fig. 2D](#f2-ol-0-0-11813){ref-type="fig"}; lower panels). However, combination treatment of paclitaxel with SAS failed to markedly increase ROS accumulation in PTX1 cells compared with that in cells treated with SAS alone. Collectively, these results indicate that SAS-mediated GSH depletion markedly affected ROS accumulation in paclitaxel- resistant cells, but not in -sensitive cells.

### SAS kills USC cells by inducing a form of non-apoptotic cell death

The cell death assay was performed to determine whether SAS induces USC cell death. PI staining revealed that 200µM SAS significantly induced cell death in PTX1 cells but not in USPC1 cells ([Fig. 3A](#f3-ol-0-0-11813){ref-type="fig"}). SAS has been reported to induce cell death and inhibit tumor growth through apoptosis in colorectal cancer ([@b14-ol-0-0-11813]), and head and neck squamous cell carcinoma ([@b12-ol-0-0-11813]). Thus, the expression levels of cleaved-PARP, an apoptotic maker ([@b32-ol-0-0-11813]) were investigated. Western blot analysis demonstrated that treatment with SAS alone increased the levels of cleaved-PARP in USPC1 but not in PTX1 cells, compared with that in the vehicle-treated control ([Fig. 3B](#f3-ol-0-0-11813){ref-type="fig"}). Furthermore, combination treatment of paclitaxel with SAS decreased the levels of cleaved-PARP in both cell lines compared with that in cells treated with paclitaxel alone ([Fig. 3B](#f3-ol-0-0-11813){ref-type="fig"}). These results were in contrast to the cell death and cytotoxicity assays, suggesting that SAS induces cell death and cytotoxicity through a non-apoptotic pathway in USC cells.

### SAS inhibits cell proliferation and induces cell death through ferroptosis in paclitaxel-resistant USC cells

The potential molecular mechanisms by which SAS induces cell death in paclitaxel-resistant USC cells were investigated. SAS has been reported to induce ferroptotic cell death in glioma cells ([@b33-ol-0-0-11813]). Thus, the present study investigated whether the ferroptosis inhibitor, ferrostatin-1, reverses the effects of SAS on inducing cytotoxicity and cell death in PTX1 cells. Briefly, PTX1 cells were treated with SAS alone or a combination of ferrostatin-1 with SAS for 72 h. The results demonstrated that combination treatment of ferrostatin-1 with SAS significantly increased cell viability compared with that in cells treated with SAS alone ([Fig. 4A](#f4-ol-0-0-11813){ref-type="fig"}). Furthermore, PI staining demonstrated that combination treatment of ferrostatin-1 with SAS reversed SAS-induced cell death ([Fig. 4B](#f4-ol-0-0-11813){ref-type="fig"}). Cell viability significantly increased following combination treatment of the iron chelator, DFO with SAS compared with that in cells treated with SAS alone ([Fig. 4C](#f4-ol-0-0-11813){ref-type="fig"}). To further confirm that SAS-induced cell death occurred through ferroptosis and not apoptosis, cells were co-treated with SAS and the apoptotic inhibitor, Z-VAD-FMK ([@b34-ol-0-0-11813]). The results indicated that Z-VAD-FMK had no effect on the inhibitory effect of SAS on cell proliferation ([Fig. 4D](#f4-ol-0-0-11813){ref-type="fig"}). Taken together, these results suggest that ferroptosis plays a key role in SAS-induced cell proliferation inhibition and cell death in paclitaxel-resistant USC cells.

### Knockdown of JNK results in loss of SAS-induced cell proliferation inhibition and cell death

Ferroptosis was originally characterized in a previous study investigating compounds which are selectively lethal to RAS-mutant tumor cells ([@b24-ol-0-0-11813]). Thus, it was hypothesized that the effect of SAS on cell death depends on Ras activity in USC cells. The present study investigated the expression and activation of the Ras effectors, AKT, Erk and JNK before treatment with SAS in USPC1 and PTX1 cells. Western blot analysis demonstrated no differences in the levels of phosphorylated AKT and Erk levels between USPC1 and PTX1 cells ([Fig. 5A and B](#f5-ol-0-0-11813){ref-type="fig"}), whereas phosphorylated JNK levels were higher in PTX1 cells compared with that in USPC1 cells ([Fig. 5C](#f5-ol-0-0-11813){ref-type="fig"}). To verify the association between SAS and the JNK signaling pathway, the effect of JNK knockdown on SAS-induced cell proliferation inhibition and cell death was investigated. PTX1 cells were transiently transfected with siRNA against JNK to effectively inhibit JNK activity. Western blot analysis demonstrated that transfection with siRNA-JNK decreased the expression levels of phosphorylated JNK and total JNK compared with that in the control cells ([Fig. 5D](#f5-ol-0-0-11813){ref-type="fig"}). Furthermore, knockdown of JNK reversed SAS-induced cell proliferation inhibition ([Fig. 5E](#f5-ol-0-0-11813){ref-type="fig"}) and cell death ([Fig. 5F](#f5-ol-0-0-11813){ref-type="fig"}). Taken together, these results suggest that activation of the JNK signaling pathway, which is downstream from Ras ([@b35-ol-0-0-11813]), enhances sensitivity to SAS in paclitaxel-resistant USC cells.

### The effect of SAS on tumor growth inhibition

SAS has been widely demonstrated to inhibit tumor growth via xenograft animal models for human glioma, pancreatic and lung cancer ([@b36-ol-0-0-11813]--[@b38-ol-0-0-11813]). The present study investigated whether SAS inhibited tumor growth *in vivo* using USPC1 cells. Two weeks after inoculation, one group of mice (n=6) was administered with oral PBS, while a second group of mice (n=6) was administered with SAS suspension (250 mg/kg). In the second group, two mice were excluded since one died of subcutaneous emphysema after SAS administration and the other exhibited no tumor formation due to failure of inoculation. Treatment with SAS had no significant effect on inhibiting tumor growth compared with the control treated with PBS ([Fig. S2](#SD1-ol-0-0-11813){ref-type="supplementary-material"}).

Discussion
==========

The results of the present study demonstrated that the xCT inhibitor, SAS suppressed cell proliferation in the USC cell lines, and that the cytotoxic effect of SAS was stronger in paclitaxel-resistant cells compared with that in -sensitive cells. Furthermore, the results indicated that SAS-mediated cell death was induced through ferroptosis rather than apoptosis, in a JNK-dependent manner in paclitaxel-resistant cells. Collectively, these results suggest that xCT inhibition may be an effective treatment strategy for patients with recurrent paclitaxel-resistant USC.

Intracellular GSH levels were higher in paclitaxel-resistant USC cells compared with that in paclitaxel-sensitive cells. These results were consistent with previous findings, which suggest that high levels of GSH are observed in ovarian and prostate cancer and promote resistance to chemotherapy ([@b6-ol-0-0-11813],[@b7-ol-0-0-11813]). The xc^−^ system, which is composed of xCT and F42hc, is essential for cystine uptake which is necessary for intracellular GSH synthesis, thus this system may also contribute to drug resistance in ovarian and lung cancer cells ([@b39-ol-0-0-11813],[@b40-ol-0-0-11813]). In the present study, the intracellular GSH levels were significantly higher in paclitaxel-resistant cells compared with those in paclitaxel-sensitive cells. However, the results of the present study exhibited no significant difference in xCT expression between paclitaxel-sensitive and -resistant cells. CD44v can enhance the capacity of GSH synthesis by stabilizing xCT ([@b29-ol-0-0-11813]); therefore, the difference in CD44v expression between paclitaxel-sensitive and -resistant cells was analyzed. Although GSH levels were significantly higher in PTX1 cells compared with those in USPC1 cells, CD44v was not expressed in PTX1 cells. These results suggested that CD44v was not associated with intracellular GSH levels in USC cells. Uptake of cystine by xCT provides the majority of cysteine into the cells, which is converted to GSH; however, a significant percentage is derived from methionine via the transsulfuration pathway ([@b41-ol-0-0-11813]). In a previous study, an xCT inhibitor depleted GSH levels to 51% of the control, while inhibition of the transsulfuration pathway depleted GSH to 77% of the control in glioma cells ([@b41-ol-0-0-11813]). Thus, intracellular GSH levels depend on the transsulfuration pathway in USC cells, along with xCT expression.

SAS has been extensively demonstrated to enhance the sensitivity of different types of cancer, such as colorectal, pancreatic, prostate and breast cancer, to chemotherapeutic agents by inducing GSH depletion, ROS accumulation and apoptosis ([@b14-ol-0-0-11813],[@b20-ol-0-0-11813]--[@b23-ol-0-0-11813]). It was initially hypothesized that the xCT inhibitor, SAS, induced cytotoxicity and enhanced the efficacy of paclitaxel via inducing GSH depletion, ROS accumulation and apoptosis ([@b14-ol-0-0-11813],[@b20-ol-0-0-11813]--[@b23-ol-0-0-11813]). The results of the present study demonstrated that SAS induced cytotoxicity; however, it did not enhance the efficacy of paclitaxel in USC cells. Combination treatment of paclitaxel with SAS had no marked effect on ROS accumulation compared with that in cells treated with SAS alone, thus, SAS did not enhance paclitaxel-induced cytotoxicity in both USC cell lines. Furthermore, SAS-mediated GSH depletion did not increase ROS accumulation and cell death in paclitaxel-sensitive USPC1 cells. The molecular mechanism underlying the association between GSH levels and ROS accumulation in USPC1 cells currently remains unclear and may involve additional antioxidants against ROS. SAS inhibits xCT and induces ferroptotic cell death in glioma cells ([@b33-ol-0-0-11813]), and head and neck cancer ([@b42-ol-0-0-11813]). The results of the present study demonstrated that SAS markedly induced GSH depletion and ROS accumulation, and promoted ferroptotic cell death in paclitaxel-resistant PTX1 cells. The use of a small-molecule activator of ferroptosis may enable selective elimination of cancer cells in which the Ras-RAF-MEK signaling pathway is activated, although this remains debated ([@b43-ol-0-0-11813]--[@b45-ol-0-0-11813]). Ras expression increases ROS production ([@b46-ol-0-0-11813]), and the interaction between ROS accumulation and Ras activation induces a synthetic lethality in cancer cells ([@b47-ol-0-0-11813]). The present study demonstrated that SAS increased ROS production in paclitaxel-resistant PTX1 cells, and that JNK, which is one of the downstream targets in the Ras signaling pathway ([@b35-ol-0-0-11813]), was activated in PTX1 cells, but not in paclitaxel-sensitive USPC1 cells. ROS accumulation and JNK activation may be essential for SAS-induced cytotoxicity and cell death, through ferroptosis in paclitaxel-resistant USC cells ([Fig. S3](#SD1-ol-0-0-11813){ref-type="supplementary-material"}). Previous studies have reported that JNK activation was associated with paclitaxel resistance in ovarian, pancreatic and lung cancer cells ([@b48-ol-0-0-11813],[@b49-ol-0-0-11813]). Taken together, these findings suggest that the synthetic lethal interaction between ROS accumulation and the activation of the Ras effector, JNK, induces ferroptotic cell death in paclitaxel-resistant USC cells, thus explaining why the cytotoxic effect of SAS was stronger in paclitaxel-resistant cells compared with that in -sensitive cells. Furthermore, ferroptosis may act as an endogenous tumor suppressive mechanism downstream of p53, which is stabilized and activated by JNK signaling ([@b50-ol-0-0-11813]), and therefore, SAS may readily induce ferroptosis in JNK-activated paclitaxel-resistant USC cells.

SAS has been widely found to inhibit tumor growth via xenograft animal models for human glioma, pancreatic and lung cancers ([@b36-ol-0-0-11813]--[@b38-ol-0-0-11813]). These reports demonstrate that the anticancer effects of SAS are based on the inhibition of NFκB, which is a transcription factor that plays a central role in the immune response and is involved in several physiological phenomena, such as acute and chronic inflammatory responses, cell proliferation and apoptosis ([@b51-ol-0-0-11813]). The present study demonstrated that SAS had no significant effect on inhibiting tumor growth compared with the control in paclitaxel-sensitive cells. The *in vitro* analysis demonstrated that SAS promoted cytotoxicity more effectively in paclitaxel-resistant cells than -sensitive cells. If paclitaxel-resistant PTX-1 cells exhibited tumorigenic activity and SAS demonstrated inhibition of tumor growth in mice studies, SAS may have been considered a strong candidate target in the treatment of patients with paclitaxel-resistant USC. A major limitation of the present study was that all experiments were performed with only one paclitaxel-resistant USC cell line. Thus, prospective studies will focus on using different cell lines, to confirm the effect of SAS on USC cells.

The xCT inhibitor, SAS is clinically used in treating bowel disease and rheumatoid arthritis ([@b15-ol-0-0-11813]). However, there has been limited positive response to xCT-targeted therapy in cancer. A phase I/II study investigating SAS in patients (n=10) with recurrent or progressive glioma was terminated due to a lack of clinical response and the high frequency of grade 1--2 adverse effects, including increased neurologic deficit, neutropenia, thrombocytopenia, proteinuria ([@b52-ol-0-0-11813]). Similar results were reported in patients with advanced and chemotherapy-resistant gastric cancer ([@b53-ol-0-0-11813],[@b54-ol-0-0-11813]). In these clinical studies, patients continuously received SAS orally between 1.5 and 6 g/day, and the results from the present study demonstrated that SAS inhibited xCT at a dose of 200 µM in paclitaxel-resistant USC cell lines. A total of 200 µM SAS is equivalent to a SAS dose of 5.6 g/day, and this dose was \~1.6 folds higher compared with that routinely used to treat Crohn\'s disease ([@b55-ol-0-0-11813]). Thus, the use of SAS as a novel candidate for recurrent USC chemotherapy-resistant treatment may be questionable, and the development of more potent xCT inhibitors are required for the clinical treatment of patients with recurrent USC. xCT inhibition induces cell death in cancer stem cells ([@b29-ol-0-0-11813]), and normalizes the tumor microenvironment by decreasing tumor-derived edema in glioma ([@b32-ol-0-0-11813]). Thus, targeting xCT inhibition may be used to maintain therapy for patients with recurrent chemotherapy-resistant USC.

In summary, the effect of the xCT inhibitor, SAS on cytotoxicity was stronger in paclitaxel-resistant USC cells compared with that in paclitaxel-sensitive USC cells. Furthermore, the synthetic lethal interaction between the accumulation of ROS and the activation of the Ras effector, JNK, induced cell-proliferation inhibition and ferroptotic cell death in paclitaxel-resistant USC cells. However, previous studies on SAS have reported a lack of clinical response and frequent adverse effects. Thus, the development of more potent xCT inhibitors are required for clinical application. Collectively, the results of the present study suggest that xCT inhibition may be an effective treatment for patients with recurrent paclitaxel-resistant USC.
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GSH

:   glutathione

ROS

:   reactive oxygen species

USC

:   uterine serous carcinoma

SAS

:   sulfasalazine

![SAS inhibits cell proliferation in uterine serous carcinoma cell lines. (A) Western blot analysis was performed to determine the xCT expression levels in USPC1, PTX1 and SKOV3 cells. β-actin was used as the internal control. USPC1 and PTX1 cells were treated with different concentrations of (B) paclitaxel, (C) SAS and (D) paclitaxel alone, or in combination with 200 µM or 100 µM SAS, respectively. Cell viability was assessed after 72 h using the MTS assay. Cell viability was calculated from the ratio of the absorbance of cells treated with each of the drugs to that of untreated cells set as 1 (mean ± SD; n=8). Data are presented as the mean ± SD. \*P\<0.05 vs. untreated cells. SAS, sulfasalazine; USPC1, uterine serous papillary carcinoma-1; -, without; +, with.](ol-20-03-2689-g00){#f1-ol-0-0-11813}

![GSH levels and ROS accumulation in uterine serous carcinoma cell lines. (A) GSH levels were determined in USPC1 and PTX1 cells. Data are presented as the mean ± SD. \*P\<0.05 vs. USPC1. Cellular GSH concentrations in USPC1 and PTX1 cells were measured before and after treatment with (B) SAS (400 µM) or (C) paclitaxel (10 nM) for 24 h. GSH levels were calculated from the ratio of cells treated with SAS or paclitaxel to that of untreated USPC1 cells set as 1 (mean ± SD; n=8). Data are presented as the mean ± SD. \*P\<0.05 vs. untreated cells. (D) USPC1 and PTX1 cells were treated with SAS (200 µM) and/or paclitaxel (10 nM) for 24 h, and flow cytometric analysis was performed to determine the intracellular ROS levels, following staining with DCFH-DA. GSH, glutathione; ROS, reactive oxygen species; SAS, sulfasalazine; DCFH-DA, 2′,7′-dichlorofluorescin diacetate; USPC1, uterine serous papillary carcinoma-1.](ol-20-03-2689-g01){#f2-ol-0-0-11813}

![SAS induces cell death and cleaved-PARP expression in uterine serous carcinoma cells. (A) USPC1 and PTX1 cells were treated with SAS (200 µM) for 24 h and the cell death assay was performed using PI and Hoechst nuclear staining. Left panel: Representative PI and Hoechst fluorescence images, right panel: Rate of PI-positive cells. Data are presented as the mean ± SD. \*P\<0.05. (B) USPC1 and PTX1 cells were treated with SAS (200 µM) and/or paclitaxel (10 nM) for 24 h, and the cell lysates were probed for anti-cleaved-PARP antibody using western blot analysis. β-actin was used as the internal control. SAS, sulfasalazine; PI, propidium iodide.](ol-20-03-2689-g02){#f3-ol-0-0-11813}

![SAS induces cytotoxicity and cell death through ferroptosis in paclitaxel-resistant USC cells. (A) PTX1 cells were cultured for 1 h in the presence or absence of Fer-1 (1 µM) and subsequently treated with different concentrations of SAS for 72 h. Cell viability was assessed using the MTS assay. Cell viability was calculated from the ratio of the absorbance of cells treated with SAS or SAS + Fer-1 to that of untreated cells set as 1 (mean ± SD; n=8). (B) PTX1 cells were cultured for 1 h in the presence or absence of Fer-1 (1 µM) and subsequently treated with or without SAS (200 µM) for 24 h. The cell death assay performed using PI and Hoechst nuclear staining. Left panel: Rate of PI-positive cells, right panel: Representative PI and Hoechst fluorescence images. (C) PTX1 cells were cultured for 1 h in the presence or absence of DFO (1 µM) and subsequently treated with or without SAS (400 µM) for 48 h. Cell viability was assessed using the MTS assay. (D) PTX1 cells were cultured for 1 h in the presence or absence of Z-VAD-FMK (100 µM) and subsequently treated with different concentrations of SAS for 72 h. Cell viability was assessed using the MTS assay. Data are presented as the mean ± SD. \*P\<0.05 vs. untreated cells. SAS, sulfasalazine; Fer-1, ferrostatin-1; PI, propidium iodide; DFO, deferoxamine; -, without; +, with.](ol-20-03-2689-g03){#f4-ol-0-0-11813}

![Expression and activation of Ras effectors in uterine serous carcinoma cells and the effect of JNK knockdown on SAS-induced cell-proliferation inhibition and cell death. Western blot analysis was performed to determine the expression levels of (A) AKT, (B) Erk and (C) JNK in USPC1 and PTX1 cells. β-actin was used as the internal control. Black arrows indicate JNK p54 isoform, while gray arrows indicate JNK p46 isoform. (D) PTX1 cells were transiently transfected with siRNAs against JNK or with a control siRNA and the cells were subjected to immunoblot analysis after 24 h. (E) PTX1 cells transfected control or JNK siRNAs were treated with 200 µM SAS for 72 h and cell viability was assessed via the MTS assay. (F) PTX1 cells transfected with control or JNK siRNAs were treated with 200 µM SAS for 24 h and the cell death assay was performed, using PI as a vital dye and Hoechst nuclear staining. Data are presented as the mean ± SD. \*P\<0.05 vs. control siRNA. SAS, sulfasalazine; si, small interfering; PI, propidium iodide.](ol-20-03-2689-g04){#f5-ol-0-0-11813}
